The first half-day of the workshop featured speakers that provided overview information on the workshop scope and objectives and a historical perspective on sentinel species, issues related to extrapolation from nonhuman species to humans, and selected examples of sentinel and surrogate species. During the next day and a half, participants were divided into two breakout sessions that focused on the use of sentinel species information either from experimental models or from field situations using opportunistic, observational, or experimental approaches. The charge given to breakout session participants was to examine both opportunities and barriers related to the application of sentinel species concepts as they pertain to scientific acceptance, risk assessment, and decision making.
Background and Overview
The use of nonhuman organisms as early warning systems for human health risk is not new. Table 1 provides sentinel species examples beginning in the late 19th century. The miner's canary that was used to warn of potentially lethal carbon monoxide concentrations in coal mines (2, 3) is perhaps the most widely known application of a sentinel animal system for monitoring, whereas the neurobehavioral symptoms displayed by cats that consumed methylmercury-contaminated fish from Minamata Bay in Japan in the 1950s (10) provided a good example of a serendipitous observation that had significance for human health.
More recently, the presence of reproductive abnormalities in fish, birds, and alligators has been attributed to the presence of endocrine-disrupting chemicals in the environment (17, (25) (26) (27) (28) (29) . Despite the lack of direct evidence that chemicals in the environment are adversely affecting people, the potential for these compounds to affect human reproduction and development has been clearly demonstrated by these sentinel populations.
Although advances in the understanding and use of sentinel species have been slow to gain acceptance in human health risk assessment and public health, events over the last few years have provided some impetus to the development of sentinel species models. In 1991, the National Research Council (NRC) Board on Environmental Studies and Toxicology, Commission on Life Sciences published a comprehensive review and evaluation of the usefulness of animal sentinels for assessing environmental health hazards (22) .
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Third, increasing interest in ecological risk assessment applications has prompted recognition of commonalities with human health risk assessment and discussions of how ecological and human health risk assessments might be integrated (30) .
One result of these events has been to encourage consideration of new methods to assess environmental toxicity.
At the workshop, participants adopted a broad view of the use of sentinel species data for human health evaluations that included both experimental and observational perspectives. Sentinel species data could include observations of wild animals in field situations as well as data from experimental studies using surrogate animals. Sentinel terns of the bluegill (Lepomis macrochirus). Physiological stress to the bluegills, characterized by changes in ventilation and movement patterns, is used as an early warning to identify acute toxicity of the treated groundwater discharge. Continuous monitoring and recording of ventilatory rates, ventilation depth, cough rate, and whole-body movement of eight fish exposed to the effluent is used to identify potentially toxic effluent. When six of the exposed fish are responding with significant departures from baseline conditions and control fish, an effluent sample is automatically collected for chemical analysis, a remote monitor in the treatment facility control area identifies the problem, and, if necessary, the discharge is diverted to storage tanks until the problem is solved. Use of the biomonitoring system has significantly reduced chemical sampling frequency at the site and has enabled the remediation technology to be implemented ahead of schedule (34) .
Even before treatment or remediation operations have been initiated, sentinel species approaches can be helpful in identifying sites of toxicity requiring increased attention, as illustrated by the use of amphibian toxicity tests at a Norman, Oklahoma, landfill by the U.S. Geological Survey. The landfill is a mixed waste site contaminated with high concentrations of ammonia, divalent metals, and organic materials such as benzene, toluene, lindane, and many other organics. The city of Norman sewage outfall also discharges onsite. Several environmental stressors were investigated that might affect amphibian populations, among them dimate (35) , ultraviolet B radiation (36) , and pollution (35 Evaluation of ecosystem effects data, such as changes in species composition or trends in population levels of key species, can provide evidence of recovery or increased risk. Ecological changes at the population, community, or ecosystem level do not necessarily imply that human health is at risk, but may indicate that further investigations should be undertaken.
An example of this is the ATSDR Great Lakes Project (38) . The Great Lakes constitute the largest body of fresh water on the earth and the surrounding area is home to roughly 36 million people. In the Great Lakes, impaired reproduction has been reported in avian and fish populations (38 Caution in interpreting such ecoepidemiologic events is essential, especially when there is concern over the potential human health implications of the event. There must be biologic plausibility behind an extrapolation from adverse effects seen in animal populations to potential adverse human health outcomes. A fish kill due to small concentrations of residual chlorine in the water has little meaning for effects on humans. In many situations, wild animals may be more highly exposed than humans, or there may not be an exposure pathway leading to humans. Fox (40) offers a number of useful suggestions for evaluating causality using ecoepidemiologic data.
Risk Assessment
Environmental managers who must evaluate situations that may impact human health may not know how to incorporate nontraditional information such as sentinel species data into their decision-making process. This section briefly describes the risk assessment process and suggests ways in which sentinel species data may provide useful input to the process. Although sentinel species data may have relevance to both ecological risk assessment (41) (42) (43) and human health assessment, the emphasis here is on human health evaluations.
The human health risk assessment paradigm includes four phases: hazard characterization, quantitative dose-response analysis, exposure assessment, and risk characterization [e.g., (44) (45) (46) 
